G-quadruplexes are noncanonical secondary structures formed in DNA sequences containing consecutive runs of guanines. It has been shown that the 3′ G-rich single-stranded overhangs of human telomeres can form G-quadruplex structures, and the human telomeric DNA Gquadruplexes are considered attractive targets for anticancer drugs. G-quadruplex-interactive compounds have been shown to inhibit telomerase access as well as telomere capping. Nuclear magnetic resonance (NMR) spectroscopy is a powerful method in determining the G-quadruplex structures under physiologically relevant conditions. We present the NMR and biophysical methodology used in our research group for the study of G-quadruplex structures in physiologically relevant solution and their interactions with small-molecule compounds.
Introduction

G-Quadruplex Structures
DNA G-quadruplexes are noncanonical secondary structures formed in sequences containing consecutive runs of guanines that have recently emerged as attractive cancer therapeutic targets [1] . A G-quadruplex is a four-stranded DNA secondary structure that contains stacked G-tetrad planes of four guanines connected by a network of Hoogsteen hydrogen bonding (Fig. 1a) .G-quadruplexes can be formed with one, two, or four G-rich DNA molecules (Fig. 1b) . G-strands in a G-quadruplex structure can be parallel or antiparallel, and G-tetrad guanines can adopt anti or syn conformations around the glycosidic bonds. Gtetrad guanines from parallel G-strands adopt the same glycosidic conformation while those from antiparallel G-strands adopt the opposite glycosidic conformation (Fig. 1c) . Gquadruplex formation requires monovalent cations, in particular K + and Na + , to coordinate with the eight electronegative O6 atoms of the adjacent stacked G-tetrads [2] (Fig. 1a) . K + in general is more preferred than Na + by G-quadruplex as K + has better coordination with eight guanine O6s and lower dehydration energy [3] . The K + form is considered to be more biologically relevant due to the higher intracellular concentration of K + (~140 mM) than that of Na + (5-15 mM).
Intramolecular G-quadruplexes are of intensive research interest currently due to their potential formation in single-stranded telomeres and oncogene promoter regions [1, [4] [5] [6] [7] . Intramolecular G-quadruplex structures form quickly in solution and are found to be DNA sequence-specific, exhibiting great conformational diversity, such as in folding topologies, loop conformations, and capping structures [1] . High-field NMR spectroscopy has been shown to be a powerful method in determining the G-quadruplex structures under physiologically relevant solution conditions.
G-Quadruplexes Formed in Human Telomeres
The first biologically relevant G-quadruplex formation was observed in telomeric DNA [8] . Human telomeres consist of tandem repeats of the hexanucleotide d(TTAGGG) n 5-25 kb in length, which terminate in a single-stranded 3′-overhang of 35-600 bases [9, 10] . Telomeric DNA is extensively associated with various telosome proteins, and the structure and stability of telomeres are closely related to cancer [4] , aging [11] , and genetic stability [12] . Vertebrate telomeric DNA repeats are highly conserved, a feature that has been suggested to be related to their ability to form the DNA G-quadruplex [4] . A study using antibodies targeted at parallel and antiparallel telomeric G-quadruplexes in ciliates has shown in vivo that the telomere end-binding proteins TEBPα and TEBPβ are required to control Gquadruplex formation and that TEBPβ phosphorylation is needed to resolve G-quadruplex structures during replication [13] . A number of other proteins have been found to specifically interact with telomeric G-quadruplex structures [14] . G-quadruplex formation was detected in vivo at human chromosomal ends by using the radiolabeled G-quadruplex ligand 360A [15] and the fluorescent G-quadruplex ligand BMVC [16] . More recently, the most direct evidence of the in vivo existence of G-quadruplexes was established by using a structure-specific fluorescent antibody in human cells, demonstrating G-quadruplex formation in human chromosomes including in telomeres and promoter regions [17, 18] .
In normal somatic cells, each cell replication results in a 50-to 200-base loss of the telomere. After critical shortening of the telomeric DNA is reached, the cell undergoes apoptosis [19] . However, telomeres of cancer cells do not shorten on replication, due to the activation of telomerase, a reverse transcriptase that extends the telomeric sequence at the chromosome ends [20] . Telomerase is activated in 80-85% of human cancer cells [21] , and has been suggested to play a key role in maintaining the malignant phenotype [22] . Formation of intramolecular G-quadruplex in human telomeric DNA induced by K + ion has been shown to inhibit the telomerase activity [23] .
G-Quadruplex Structures in Human Telomeres
Understanding of the human telomeric G-quadruplex structure under physiologically relevant K + solution conditions (Fig. 2a) has been the subject of intense investigation. A basket-type intramolecular G-quadruplex was first shown to form in Na + solution by NMR using a 22-nt human telomeric DNA 5′-AGGG(TTAGGG) 3 (wtTel22) (Fig. 2b) [24] ; the same 22-nt telomeric sequence was shown to form a parallel-stranded three-tetrad Gquadruplex in the crystalline state in the presence of K + [25] . Further work from our lab [26] [27] [28] and others [29] [30] [31] [32] showed that the major G-quadruplexes formed in human telomeres in K + solution are the hybrid-type intramolecular structures (Fig. 2a) , distinct from the Na + solution structure or the K + crystal structure (see ref. 33 for a review). The two different hybrid-type G-quadruplexes can be formed in human telomeric sequences (Fig. 2a) , for example, wtTel26 (Fig. 2b) forms mainly the hybrid-2 structure (Fig. 2a) while Tel26 (Fig. 2b) forms mainly the hybrid-1 structure (Fig. 2a) . The two hybrid-type structures are in dynamic equilibrium in K + solution, with the hybrid-2 form being the major one for the extended four-G-tract human telomeric DNA (Fig. 2a) [28] . Both hybrid-type structures contain three parallel G-strands and one antiparallel G-strand, five syn guanines, and asymmetrical G-arrangements (Fig. 2a, left) . They differ in loop arrangements, strand orientations, G-tetrad arrangements, and capping structures (Fig. 2a, right) , all of which may provide specific ligand-binding sites [27, 28] . The hybrid-form structures also provide an efficient scaffold for a compact-stacking structure of multimers in the 3′ single-stranded overhang of the human telomeric DNA (Fig. 2c) [26, 33] . The formation of higher-order telomeric G-quadruplex structures with hybrid-type forms has been supported by computational modeling and biophysical studies [34] . While short loop sizes of 1 and 2 nt are usually favored for the double-chain-reversal loop conformation [35, 36] , the presence of a 3-nt double-chain-reversal TTA loop in the hybrid-type human telomeric G-quadruplexes allows the 5′ and 3′ ends to point in opposite directions (Fig. 2a, left) . However, this 3-nt double-chain reversal loop may contribute to the structural flexibility and polymorphism of telomeric G-quadruplexes [33] . Despite the low energy difference between the two equilibrating hybrid structures, interconversion between the two appears to be kinetically slow, suggesting the presence of a high-energy intermediate [28] . We more recently determined the structure of a basket-type two G-tetrad G-quadruplex formed from a variant human telomeric sequence or specifically truncated telomeric sequences with no 5′-flanking residues [37] . This two-G-tetrad conformation is likely to be an intermediate form of the interconversion of different telomeric G-quadruplex conformations, which we propose to be a strand-reorientation process with two-tetrad and partially unfolded triplex structure intermediates [26, 37] . Nature may have selected for the human telomeric sequence because of its structural polymorphism. (See our reviews for more information [5, 33, 38] ). Intramolecular G-quadruplexes formed by single-stranded DNA in human telomeres may be targeted by small molecules to inhibit telomerase function and telomere end-capping (see refs. [4, 5] for reviews) (Fig. 2c) . more information.) A number of small molecules that can specifically bind to and stabilize telomeric G-quadruplexes have been developed, and some have become prospective anticancer agents that display relatively low cytotoxicity. For example, TMPyP4, a Gquadruplex-interactive compound developed through structure-based rational drug design [43] , has been shown to inhibit human telomerase in HeLa cell extracts. Telomestatin, one of the most potent G-quadruplex stabilizing compounds, has been shown to be a highly potent inhibitor of telomerase [44] . BRACO19, a trisubstituted acridine derivative, was rationally designed by considering the unique structural features of DNA G-quadruplexes [45, 46] . A number of other G-quadruplex-interactive compounds, including BMVC, RHPS4, 360A, and 12,459, have been shown to inhibit telomerase activity with various levels of efficacy. More recently, compounds with asymmetric aromatic ring systems have been designed to bind to telomeric G-quadruplexes [47, 48] .
Early G-quadruplex compounds were designed based on the dogma that the optimal Gquadruplex-interactive compounds are those with large symmetric cyclic fused rings that maximize stacking interactions with external G-tetrads such as telomestatin or TMPyP4. Some of these stacking ligands also contained positively charged side-chain substituents that interact with phosphate groups in G-quadruplex grooves [49, 50] . However, those compounds with large symmetric cyclic rings, in general, do not appear to bind unimolecular/intramolecular G-quadruplexes specifically. We have recently determined the NMR solution structure of a 2:1 complex of quindoline and c-MYC G-quadruplex [51] , and our results indicate that compounds containing a smaller asymmetric pharmacophore, in particular a crescent-shaped moiety, with appropriate functional groups are more likely to bind in a well-defined manner to a unimolecular G-quadruplex. Indeed, we have recently discovered that epiberberine (EPI), which also has an asymmetric crescent-shaped structure, can bind specifically to the human telomeric G-quadruplexes [52] (see Subheading 3).
In this chapter, we present practical steps involved in the NMR structural determination of human telomeric G-quadruplexes in K + solution. In addition, NMR, circular dichroism, and fluorescence-based methods to study G-quadruplex drug interactions are also presented.
Methods
Synthesis and Purification of DNA with and Without Labeling
NMR spectroscopy is widely employed for structural studies of G-quadruplexes under physiologically relevant solution conditions. Significantly, global interaction information is well observed in G-quadruplex structures because of its globular folding, unlike long threadlike double-helical DNA structures, e.g., B-DNA, that lack global interaction information. Thus, a G-quadruplex structure can be derived from extended single-stranded DNA conformation by NMR-based structure calculation, analogous to a globular protein with global folding that can be well defined by the NMR-restrained structure calculation.
1.
The DNA Oligonucleotides Are Synthesized at the 1 μmol Scale on an Expedite™ 8909 Nucleic Acid System from Applied Biosystems (Foster City, CA) in DMT-On Mode using solid-phase β-cyanoethylphosphoramidite chemistry [53] (see Note 8).
2.
For labeled DNA oligonucleotide synthesis, 15 N-guanine phos-phoramidite is used for site-specific 15 N-labeling of individual bases in DNA sequences at a 6% low-level enrichment. This low enrichment is sufficient to perform special NMR experiments such as JR-HMQC (see Note 9).
3.
The oligonucleotides are cleaved from the solid support by the treatment of concentrated ammonia for 15 h at 55 °C (see Note 10).
4.
DMT-on oligonucleotides are purified by reverse-phase high performance liquid chromatography (RP-HPLC) on a C 18 column (250 × 10.0 mm VARIAN Dynamax Microsorb 300-10) with a linear gradient of 5-45% acetonitrile over 45 min in 1% triethylammonium acetate (TEAA), pH 7.0, with a flow rate of 3 ml/min. DNA is monitored with UV at 254 nm. The DMT-on DNA is collected at 25 min and is then lyophilized.
5.
DMT protection groups are removed from DNA by treating with 2 ml of 80% acetic acid for 2 h. The sample is then diluted with 1 ml of water and extracted with 10 ml of ether to remove DMT (see Note 11) . The aqueous phase containing DNA is collected and concentrated on a Speedvac.
6.
The concentrated DMT-off DNA samples are purified by reverse-phase HPLC on the C 18 column with a linear gradient of 5-30% acetonitrile over 30 min in 1% triethylammonium acetate (TEAA), pH 7.0, with a flow rate of 3 ml/min. DMToff DNA is collected at 10 min.
7.
After HPLC purification, the DMT-off DNA samples are further processed by sequential dialysis in glass beakers sequentially with water, low salt (10 mM NaCl), high salt (150 mM NaCl), and water (see . Dialysis against a weak basic solution (10 mM NaOH) can be used to remove persistent secondary structures. The purified and dialyzed samples are lyophilized to a homogeneous powder (see Note 15).
Determination of the G-Quadruplex Formation by 1D 1 H-NMR
NMR spectroscopy has a unique strength in studying DNA G-quadruplex secondary structures. The imino peaks associated with guanines in G-tetrad formation give rise to characteristic chemical shifts around 10.5-12 ppm (Fig. 2d ). This chemical shift region is completely separated from imino chemical shifts from any other DNA conformations, such as duplex DNA, single-stranded DNA, or other secondary DNA structures. Therefore, the imino regions of G-quadruplex guanines provide a direct and clear monitoring system for not only the formation of a G-quadruplex structure but also its drug binding interactions.
1.
As a first step in the NMR structure determination process, it is important to determine the G-quadruplex formation, sample purity, and line-widths by 1 
2.
For samples in aqueous solution, the 1 H-NMR experiments are performed with water suppression techniques such as watergate or jump-and-return, and the relaxation delay is set to 3 s.
Sequence Design and Selection
It is important to note that the intramolecular G-quadruplex structure formed in a G-rich sequence can be complex. Not only do different sequences adopt different structures, but a given sequence can also fold into a variety of different conformations, as in the case of the human telomeric DNA sequence (see below). A DNA sequence that forms a major stable structure with good NMR spectral properties in solution, i.e., sharp line-widths, is necessary for successful structure determination by NMR. NMR and sequence analysis are unique in being able to identify the major stable G-quadruplex structures under physiologically relevant ion conditions (pH 7, 100-140 mM K + ).
1.
The 22-nt human telomeric DNA wtTel22 (Fig. 2b) , which has been shown to form a basket-type G-quadruplex in Na + solution [24] or a parallel-stranded intramolecular G-quadruplex in the crystalline state in the presence of K + [25] , was previously examined by 1D 1 H NMR. The 1D 1 H NMR shows that wt Tel22 forms a mixture of multiple G-quadruplex structures in K + solution [26] .
2.
We have screened a large number of variant four G-tract sequences containing the core wtTel22 with different flanking segments by 1 H NMR [26] . Sequences having no 3′-flanking strand or a 3′-flanking adenine, including the 26-nt sequence Tel26 (Fig. 2b) , were found to form a major hybrid-1 type intramolecular G-quadruplex in K + solution. The 1D 1 H NMR spectrum of the Tel26 sequence in K + solution (Fig. 2d) shows a major intramolecular Gquadruplex structure with 12 resolved imino proton resonances between 10.5 and 12 ppm (see Note 17) . The folding topology and molecular structure of the hybrid-1 structure was determined by NMR (PDB ID 2HY9) [26, 27] (Fig. 2a,  right) .
3.
Sequences with extended flanking strands, such as the wtTel26 sequence ( Fig.  2b) , were found to form a major hybrid-2 type intramolecular G-quadruplex in K + solution by NMR (Fig. 2a) . The folding topology and molecular structure of the major G-quadruplex structure was determined to be hybrid-2 by NMR (PDB ID 2JPZ) [28] (Fig. 2a, right) .
Assignment of Guanine Base Resonances Using Labeled DNA
Only sequences showing well-resolved NMR spectra are subjected to further structural investigation. Herein, we use the telomeric DNA sequence wtTel26 as an example for structure determination by NMR spectroscopy. NMR structure determination is comprised of NMR resonance assignment and NMR-restrained structure calculation. NMR resonance assignment of G-quadruplexes includes guanine base proton assignment using sitespecific 15 N-labeling and complete spectral assignment using 2D NMR methods. After the complete spectral assignment, the folding topology of a G-quadruplex is first determined, followed by three-dimensional structure determination using NMR-derived distance restraints in combination with MD calculations.
1.
The 1D 1 H NMR spectrum of the wtTel26 sequence in K + solution (Fig. 2d, top) shows a major intramolecular G-quadruplex structure with 12 resolved imino proton resonances between 10.5 and 12 ppm, indicating the formation of Gquadruplex with three G-tetrads (see Note 18).
2.
The imino H1 and base aromatic H8 protons of 12 guanine residues can be unambiguously assigned by site-specific low enrichment (6%) using 15 N-labeled guanine nucleoside at each guanine position in the wtTel26 sequence. The guanine imino H1 and aromatic H8 proton resonances have one-bond coupling to N1 and two-bond coupling to N7, respectively (Fig. 1a) . Both H1 and H8 protons of the site-specific labeled guanine are readily detected by 1D 15 N-filtered JR-HMQC experiments (Fig. 2e ) [28] .
3.
The assignment of guanine H8 protons can be further confirmed by long-range through-bond correlations with the already assigned imino H1 via 13 C5, using 2D 1 H-13 C HMBC experiment at natural abundance.
Determination of Equilibrating Structures by NMR
Site-specific 15 N-labeling of G-quadruplexes can be used to determine the presence of multiple G-quadruplex structures in solution. For example, 1D 1 H-NMR shows that wtTel24 (Fig. 2b) forms a mixture of multiple G-quadruplex structures in K + solution (Fig. 2d) . 15 Nlabeling of G18 of the wtTel24 sequence shows two imino peaks (Fig. 3) , indicating a mixture of two conformations. The two imino peaks correspond to the two equilibrating hybrid forms [28] .
Assignment of Thymine/Cytosine Base Resonances
1.
Thymine residues can be identified by a strong cross-peak between H6-Me in COSY/TOCSY and NOESY spectra.
2.
Cytosine residues can be identified by a strong cross-peak between H5 and H6 in COSY/TOCSY and NOESY spectra.
3.
Base H6 protons of thymines or cytosines in a sequence can be unambiguously assigned by site-specific substitution for each thymine with deoxyuridine (dU) or for each cytosine with dT or dU one at a time (see Note 19).
Determination of G-Quadruplex Folding Topology
The characteristic imino H1 and base H8 connectivity pattern lead to the direct determination of the folding topology of a G-quadruplex.
1.
The G-tetrad alignments and folding topology of a sequence are determined by the interresidual H1 and H8 NOEs in exchangeable NOESY spectra (Fig. 4a, b) . In a G-tetrad plane, the imino proton H1 of each guanine is in close spatial vicinity to the H1s of the two adjacent guanines, and to the base H8 of one of the adjacent guanines due to the Hoogsteen H-bonded network (Fig. 1a) . The formation of three G-tetrads, namely (G4-G12-G16-G22, top), (G5-G11-G17-G23, middle), and (G6-G10-G18-G24, bottom), can be determined for wtTel26.
2.
The overall G-quadruplex alignment can be further defined based on the intertetrad NOE connections from residues that are positioned far apart in the DNA sequence. The strong NOE interactions of G5H1/G12H1, G11H1/G16H1, and G17H1/G22H1 (Fig. 4a) connect the top two G-tetrads and define their reversed G-arrangements. The sequential inter-tetrad NOE interactions between H1 (Fig.  4a ) and H8 proton indicate the same G-conformations of the bottom two Gtetrads. From these data, the folding topology of the G-quadruplex formed in wtTel26 can be unambiguously determined (Fig. 2a) .
Complete Spectral Assignment
1.
After the site-specific assignment of base protons, the complete assignment of the base and sugar protons of a DNA sequence can be accomplished with 2D-NMR experiments (Fig. 4) . Standard homonuclear 2D-NMR experiments are used to assign the non-exchangeable proton chemical shifts of the DNA, including DQF-COSY, TOCSY, and NOESY. The mixing times are set at 50, 100, 150, and 200 ms for NOESY and at 40 and 80 ms for TOCSY at various temperatures. The exchangeable proton chemical shifts are assigned for H 2 O samples using 2D-NOESY experiments with WATERGATE or jump-return (NOE11) water suppression techniques. The relaxation delay is set to 2 s. The acquisition data points are set to 4096 × 512. The 60°-shifted sine bell functions are applied to both dimensions of NOESY and TOCSY spectra. The fifth-order polynomial functions are employed for the base-line corrections.
2.
Assignment of base protons H8/H6 (see Subheadings 3.4 and 3.5) gives rise to the assignment of H1-H1 (Fig. 4a ) and H1-H8 crosspeaks (Fig. 4b) , which can be used for the determination of the folding topology of a G-quadruplex (see Subheading 3.8).
3.
The assignment of guanine H1 and H8 protons can give rise to the assignment of the base proton H2/H8 of adenine residues that stack with the G-tetrads (Fig. 4b ).
4.
A standard DNA sequential assignment procedure is used for the assignment of non-exchangeable protons (Fig. 4c) . The assignment of the aromatic H8 can lead to the direct assignment of H1′ and H2′/H2″, and then can be extended to H3′, H4′ and H5′/H5″.
5.
Sequential NOEs can be assigned for the neighboring residues in a DNA sequence. For example, G n H8-G n-1 H1′/H2′/H2″ NOEs allow the assignment of sequential guanines in the DNA (Fig. 4c) .
6.
The glycosidic torsion angles (syn/anti) of G-tetrad guanines can be determined by the intensity of the intraresidue H8-H1′ NOEs in NOESY spectra with different mixing times. Observation of a weak intraresidue H8-H1′ NOE at a short mixing time indicates an anti conformation, while a strong H8-H1′ NOE indicates a syn conformation (Fig. 4c) . In addition, a characteristic downfield shift is observed for H2′/H2″ of guanines that are in syn conformation. In wtTel26, there are five syn tetrad guanines out of a total of 12 tetrad guanines (Fig. 2a, left) , clearly shown in the NOESY spectrum (Fig. 4c ).
7.
Based on the complete spectral assignment, critical inter-residue NOE interactions can be schematically drawn as in Fig. 4d . This schematic diagram of NOE interactions clearly defines the overall shape of the hybrid-2 G-quadruplex formed in wtTel26 in K + .
31 P Heteronuclear NMR
1.
31 P heteronuclear NMR experiments can be used to refine NMR structure calculation, particularly for loop residues with unusual conformations. 31 P-1 H correlation experiments provide useful information for torsion angles: 31 P-H5′/H5″ coupling constants define β, while 31 P-1 H couplings give information about ε torsions [36] . All 31 P NMR spectra are collected with an external standard of 85% H 3 PO 4 . The experiments include the 1D 1 H-decoupled 31 P spectrum, 2D-heteronuclear 31 P-1 H Correlation Spectroscopy (COSY), and Heteronuclear Single Quantum Correlation Spectroscopy (HSQC).
NMR-Restrained Structure Determination
1.
For peak assignments and NOE volume integration (peak fit-ting function), the software Sparky (UCSF) is used [54] . Distances between non-exchangeable protons are estimated based on the NOE cross-peak volumes at 50-300 ms mixing times, with the upper and lower boundaries assigned to ±20% of the estimated distances. Distances between exchangeable protons are assigned with looser boundaries (±1-1.5 Å). The distance between thymine base protons Me-H6 (2.99 Å) is used as a reference for wtTel26 (see Note 20) . The distances involving the unresolved protons, e.g., methyl protons, are assigned using pseudo-atom notation to make use of the pseudo-atom correction automatically computed by X-PLOR [55] . Only relatively isolated peaks are used for NOErestrained structure calculation.
2.
Metric matrix distance geometry (MMDG) calculations are carried out using an X-PLOR protocol to produce and optimize 100 initial structures. An arbitrary global conformation of G-quadruplex is used as a starting model, as Gquadruplexes contain enough global folding and global interactions to derive a final NMR structure. Substructure embedding is performed to produce a family of 100 DG structures. The embedded DG structures are then subjected to simulated annealing.
3.
All of the 100 conformations generated from the DGSA calculations are subjected to NOE-restrained simulated annealing refinement in X-PLOR with a distance-dependent dielectric constant. Hydrogen bonds in the G-tetrad planes are restrained with distances corresponding to ideal hydrogen bond geometry. Each individual hydrogen bond is restrained using two distance restraints (heavy atom-heavy atom and heavy atom-proton).The force constants are scaled at 30 and 100 kcal mol −1 A −2 for distance restraints and hydrogen bond constraints. All possible intra-and inter-residue NOE-distance restraints, together with backbone dihedral torsions and hydrogen-bond restraints for the G-tetrads, are incorporated into the structure calculation.
4.
NOE-restrained simulated annealing refinement calculations are initiated at 300 K. The temperature is gradually increased to 1000 K in 4 ps, equilibrated at 1000 K for 20 ps, and then slowly cooled to 300 K in 10 ps. The 20 best conformations are selected based both on their minimal energy terms and number of NOE violations, and are further subjected to NOE-restrained MD calculations. The resulting averaged structure is subjected to minimization. The ten best molecules are selected based both on their minimal energy terms and number of NOE violations as representative solution structures of G-quadruplex [28] .
G-Quadruplex-Interactive Compounds
NMR spectroscopy is an indispensable technique to obtain high-resolution structural information about biologically important molecules and their interactions with ligands in solution. The appropriate sizes and the globular folding of DNA G-quadruplexes offer an excellent molecular system for NMR structural study. In addition, the well-separated characteristic imino regions of G-quadruplex guanines provide a direct and unambiguous detection system for drug binding interactions. Furthermore, NMR allows a direct analysis of drug interactions with G-quadruplexes such as binding stoichiometry and binding kinetics, with direct monitoring of solution conditions such as temperatures and salt concentrations.
1.
To study drug interactions of one particular G-quadruplex, the DNA sequence that forms a single major structure should be used (see Note 21) . This sequence should have good NMR spectral properties, thus its drug interactions can be unambiguously characterized. For example, to study drug binding of the hybrid-1 telomeric G-quadruplex, the Tel26 sequence can be used; to study drug binding of the hybrid-2 telomeric G-quadruplex, the wtTel26 sequence can be used (Fig.  2b) . The molecular structure of the G-quadruplex formed in the free DNA needs to be determined first and serves as the structural basis for studying its drug interactions.
2.
1D 1 H NMR titration experiments are used to monitor drug binding interactions. 1D NMR spectra of free drug and free DNA will be collected and used as references. Here we use wtTel26 as an example.
3.
The purity of the drug is checked using 1 H-NMR or using analytical-HPLC. Impurities can cause additional peaks in 1 H-NMR spectra, which may overlap with the desired peaks or may even bind to wtTel26. The purity of the drug should be >95%.
4.
For drug binding studies, concentrated drug stock solutions (20-40 mM) are prepared in H 2 O or DMSO-d 6 (see Note 22).
5.
The DNA (0.1-0.5 mM) solution containing 25 mM phosphate, 95 mM potassium, pH 7.0 is checked for G-quadruplex formation by 1 H-NMR.
6.
The DNA-drug complex is prepared by step-by-step additions of a small volume of concentrated drug stock solution into DNA sample to achieve DNA-drug ratios of 1:0.1, 1:0.2, 1:0.3, 1:0.4, 1:0.5, 1:1, 1:2, and 1:3 (see Note 23) . The complex sample is annealed if needed.
7.
The change in chemical shifts of DNA-drug complex at various drug equivalences is monitored by 1D 1 H-NMR spectra. The imino proton regions of tetrad-guanines are well separated from non-exchangeable protons and thus can be used in monitoring drug binding interactions and line-width changes in titration profiles.
8.
In general, the effects of a drug on a G-quadruplex are readily interpreted by NMR titration methods. A drug that binds specifically to a particular DNA sequence with sufficient affinity will produce a NMR spectrum with wellresolved peaks. In the case of a slow exchange binding regime, two of sets peaks for the free DNA and the bound DNA can both be observed at lower drug equivalence, e.g., 0.5; and signals from the free DNA disappear once all the binding sites are occupied. In the case of a medium-to-fast exchange binding regime, only one set of peaks are observed for DNA and drug. In the case of medium-to-fast exchange binding, the complex structure cannot be determined, but some information on binding sites can be obtained. Compounds that do not bind tightly/specifically are readily discerned, as they do not lead to any shifts or cause spectral line broadening.
9.
If a drug-DNA complex gives a well-resolved 1 H-NMR spectrum, the binding site(s) or mode(s) can be determined. For example, a stacking compound (with either end of the G-quadruplex) will affect the chemical shifts of the guanine imino protons from the end G-tetrad with which the drug stacks, while an intercalating drug will shift the guanine imino resonances of the two G-tetrads between which the drug intercalates. For the groove-binding drugs, the protons located in the groove region, such as sugar protons and G's H8, rather than the imino protons, will be shifted upon drug binding. The shifting of base protons' chemical shifts will also be different for different binding modes.
10.
Once the complex system is optimized, the detailed structure determination can be carried out by following the steps in Subheading 3.
11.
For example, the binding of epiberberine (EPI, Fig. 5a ) with wtTel23 was studied by 1D 1 H NMR titration experiments. The free wtTel23 (Fig. 5b ) in 0.1 M K + solution forms a major hybrid-1 G-quadruplex conformation as indicated by well-resolved imino proton peaks, as shown previously [30] . Upon addition of EPI to the wtTel23 DNA solution, the imino proton peaks of the DNA first broaden at lower EPI equivalence (0.5 N) and then become sharper at higher EPI equivalence (Fig. 5b) , indicating a medium exchange rate of EPI binding to wtTel23 on the NMR time-scale. The NMR titration data support a 1:1 binding stoichiometry of EPI with wtTel23, as no further qualitative change is visible in the imino region at the EPI equivalence higher than 1 (Fig. 5a ). The observation of a relatively well-resolved imino proton peak at a 1:1 ratio suggests a rather specific EPI binding. The upfield-shifting of the DNA imino proton peaks indicates that EPI binds wtTel23 with a stacking binding mode [56] .
Circular Dichroism with G-Quadruplex
Circular dichroism (CD) spectroscopy is highly sensitive to nucleic acid conformational states [57] and can be used as a complementary method to determine the formation of Gquadruplexes. CD experiments can provide information on G-quadruplex folding topology and thermal stability. CD can also be used to study small-molecule interactions with a Gquadruplex such as the effects of the small molecule on folding and thermostability of the Gquadruplex.
1.
The general folding topology of a G-quadruplex can be determined based on a simple CD spectrum. Antiparallel-stranded G-quadruplexes have a CD spectrum characterized by a positive ellipticity maximum at 295 nm and a negative minimum at 265 nm, while parallel-stranded ones have a positive maximum at 264 nm and a negative minimum at 240 nm [33, 57] . Hybrid-type Gquadruplexes such as telomeric G-quadruplexes exhibit a combination of the two (see Notes 24 and 25).
2.
The wavelength scan range used will depend on the desired experiment. For a Gquadruplex or G-quadruplex-drug complex, a typical scan window is 330-200 nm. Spectra are obtained by averaging three scans, after amplification and baseline correction to remove signal contributions from the buffer.
3.
CD melting experiments to obtain T m values are performed at the wavelength of maximum ellipticity, by applying a gradient of temperature from 25 to 93 °C with a heating rate of 0.5-4 °C/min and 1 s response time (see Note 26) . For example, a CD melting experiment shows that epiberberine increases the T m value of wtTel23 as indicated by the CD melting curve at 292 nm (Fig. 5c ). The respective CD spectra also suggest a likely change in wtTel23 conformation as indicated by the change in spectral profile between the free wtTel23 and its EPI complex (Fig. 5d) . 24 The appearance of even a small shoulder or peak at approx. 280-295 can indicate hybrid folding topology. For example, the hybrid type BCL2 Mid G-quadruplex shows a small peak at 295 [59] whereas the parallel c-Myc has no peak between 280 and 300 [60] . 25 A CD spectrum can indicate hybrid folding topology, but it cannot definitively distinguish between hybrid-1 and hybrid-2 topology. NMR should be used to elucidate this ambiguity. 26 Hysteresis may be observed between melting and annealing curves. If observed, the temperature gradient should be decreased to improve accuracy [61] .
Fluorescence-Based Binding Affinity Determination of G-Quadruplex-Interactive Compounds
Quantitative binding data is critical for understanding the small-molecule binding of Gquadruplexes. Fluorescence spectroscopy can provide binding affinity data for Gquadruplex-interactive drugs.
1.
An excitation scan is run from 300 to 365 nM. The wavelength resulting in the highest intensity signal is used for subsequent experiments.
2.
Using the determined excitation wavelength, an emission wavelength is determined starting from 5 nM above the excitation wavelength up to 700 nm. The wavelength of maximum intensity is used for binding constant determination.
3.
The excitation and emission wavelengths of a complex may differ from that of the free DNA or free drug and should be con-firmed for each complex.
4.
Depending on complex binding kinetics, some time may elapse before the drug and G-quadruplex associate. A time-based experiment is needed to determine the appropriate incubation time between titration points; 1 equivalent of DNA and drug are combined and their fluorescence is measured over 900 s (15 min). The time required for the fluorescence measurement to stabilize should be allowed for incubation between each addition of drug.
5.
Once excitation and emission wavelengths and incubation time are determined, the binding curve is determined through subsequent measurements of step-bystep additions of a small volume of concentrated drug stock solution into the DNA sample to achieve DNA-drug ratios of 1:0.1, 1:0.2, 1:0.4, 1:0.6, 1:0.8, 1:1, 1:2, 1:3… and so on, until the complex is saturated (see Note 27).
6.
Binding stoichiometry is determined by Job's plot analysis.
7.
The data is fitted by software such as KaleidaGraph (Synergy Software) or MATLAB (MathWorks Inc.) according to an appropriate (i.e., 1:1, 2:1 drug:DNA) binding model. For example, in the case of 1:1 binding, data is fit to the general binding eq. [58] where A min is the minimum fluorescence fractional intensity, A max is the maximum fluorescence intensity, P T is the drug concentration (x-axis), O T is the concentration of the DNA, and K d is the binding constant.
8.
For example, fluorescence titration was used to determine the binding affinity of protoberberine alkaloids to wtTel23. The typical titration curves and the results 27 In the case where the drug is used as a fluorophore, unlabeled DNA is titrated into the drug solution instead [62] . were fit according to the 1:1 binding model (Fig. 5e) . The good fitting to the data con-firms a 1:1 binding model. The binding constants with wtTel23 for coptisine (COP), palmatine (PAL), berberine (BER), and worenine (WOR) were determined to be (1.4 ± 0.5) × 10 6 , (4.1 ± 0.4) × 10 5 , (4.1 ± 0.4) × 10 5 , and (5.1 ± 0.4) × 10 5 M −1 , respectively. Remarkably, epiberberine has a much higher wtTel23 binding affinity with a binding constant of (2.8 ± 0.6)×10 7 M −1 (dissociation constant K d = 37 ± 8 nM). The imino proton region of the 1D 1 H NMR spectrum of wtTel24 (Fig. 2b) and its sitespecific labeling at G18. The imino peaks for hybrid-1 and hybrid-2 structures are labeled as 18-1 and 18-2 respectively 
